Background: The drought-tolerant tree species Colophospermum mopane is focussed at for an assessment of the impact of water stress, as well as for the specific adaptation potential of the species. Three differing sites ('Forest', 'Shrubs' and 'Swamp') under three different seasonal situations (advanced dry season, drought and early rain season), in the mopane woodland of north-eastern Namibia were studied. Methods: Plant water potentials were measured using a pressure chamber in the field. Pre-dawn water potentials were assessed to reflect the soil water potential of the rhizosphere. Midday water potentials were measured to assess the strongest negative water potential by the sample trees. Results: The study reveals significant differences of the water potentials indicated by C. mopane. The different site-vegetation relations specify the impacts of seasonal conditions and site conditions (soil parameters and soil water availability) on the selected species. Conclusions: The investigation reveals a specific adaptation potential of C. mopane in relation to different soil parameter under seasonal conditions. The impact of the different seasons on the pre-dawn plant water potential (indicating actual soil water availability) was assessed independently of other parameters. The adaptation range of C. mopane is obviously reflected by its ability to cope with water stress situations by midday samples. An advantage of using plant-physiological characteristics as monitoring parameters is the circumstance that these reflect the plant-internal 'digestibility' of the evaluated conditions directly on the natural stand. In this consideration, the evaluation of specific site conditions referring to the plant-effective water deficiency and the plant-internal, physiological ability of adaptation towards these, are recommended as key-parameters, for, e.g., investigations of site-species matching for afforestation or reforestation management.
Background
In the expectation of a changing climate and potentially increased frequencies of drought situations, the evaluation of a tree species' adaptation potential towards water stress conditions is gaining a growing importance. While drought can be a normal and natural feature of the climate in most parts of the world, recurring or long-term drought can bring about desertification. Such extra-seasonal droughts could be an effect of climate change (Stern 2007; WBGU 2007) as well as an accelerating factor adding to underlying causes of climate change (Prabhakar and Shaw 2008) . Droughts may even accelerate deforestation and are pushing forest ecosystems towards a 'tipping point' where those would irreversibly start to die. This concerns not only dry zones, but humid areas as well. Scientists at the Brazilian National Institute of Amazonian Research, for example, argue the 2005's drought being the 'worst drought of the century' in the Amazon rainforest and leading the rainforest to the brink of being turned into savanna or desert, with catastrophic consequences for the world's climate (Nobre et al. 1991; Nepstad et al. 2006; Phillips et al. 2008) . In this light, the identification and evaluation of more drought tolerant tree species for reforestation schemes will be of fundamental importance. This is especially important for southern Africa, where an on-going decline of tropical dry forest is attributed to population pressure and climate change related droughts (De Cauwer et al. 2016) .
Often enough, it is especially the lack of knowledge on site-vegetation matching and on management of water deficiency situations that leads to the failure of reforestation programmes (Gebrehiwot et al. 2005) . Especially the lack of knowledge on the biology and ecology of indigenous species and their adaptation to environmental stress limits their use in reforestation programmes. Soil water availability is one of the major limiting factors to survival, growth, species composition and distribution of savanna tree and shrub species (Mitlöhner 1998; Serrano et al. 1998; Reynolds et al. 2004; Otieno et al. 2005; Makhado et al. 2014) . Hence, understanding water uptake patterns, the physiological response of the species to water stress and their tolerance to cope under severe stress are needed to explain differences among species in survival and distribution. It also allows determining a relative suitability of species for reforestation, if not restoration of degraded lands. Previous work on plant water relations emphasized the need to investigate native species and their responses to changes in water resource availability (e.g. Clifford et al. 1998; Mitlöhner 1998; Le Roux and Bariac, 1998; Rodriguez et al. 2000; Vertovec et al. 2001; Gebrehiwot et al. 2005) .
The term 'site-vegetation relation' comprises the interaction between specific sites with specific plant species. By that, it is encompassing manifold factors and functions like soil conditions, climatic parameters, as well as genetic pre-conditions that, on the other hand, determine certain windows of plant-reaction and adaptation potential. The more constraining the site conditions for plant growth are, the higher need is of species' adaptation capacity and the fewer the number of species that are able to adapt and solely survive under these conditions. In this insight, this study focuses on the adaptation of C. mopane to seasonal and extra-seasonal water stress situations.
The goal of this investigation is to assess the adaptation of C. mopane to water deficiency. Variations within and between the sites under different seasonal conditions are to differentiate 'average' conditions from extra-seasonal (drought) situations and are recorded under different soil conditions.
Methods

Study species
C. mopane (Kirk ex Benth.) J. Léonard (Caesalpinioideae, Mopane) is a medium to large tree of between 4 and 18 m in height. It is dominant over large areas of southern tropical Africa in hot, low-lying regions. It is often present on alluvial as well as alkaline and poorly drained soils, which it tolerates better than other species (Palgrave 2002; Makhado et al. 2014) . Its natural distribution ranges from southern Angola and northern Namibia, through Botswana, Zimbabwe and southern Zambia as far as southern Malawi, Mozambique and northern South Africa. It is commonly found at altitudes between 200 and 1200 m asl (Timberlake 1996) . C. mopane often forms pure stands of two distinct types. On favourable sites, the stands are made up of tall trees ('cathedral mopane'), but when the soil conditions are less favourable, the vegetation is referred as to 'mopane shrub' (Palgrave 2002) . The distribution of mopane is best associated with low to moderate rainfall, high temperature, low altitudes and a variety of soil types (Makhado et al. 2014 ). According to Mitlöhner (1997) , C. mopane grows preferably on fine-grained sand and clay-loam sites developed from basalt, alluvial material and lime. The species is more competitive than almost any other species, especially when the sites are periodically water logged, and also on solonetzic sites. Makhado et al. (2014) explain that C. mopane is adapted to survive moisture stress, low nutrient environments and even disturbances caused by fire and browsing by large herbivores through its physical, physiological and chemical responses.
The seeds germinate easily, but the seedlings grow slowly and are browsed by cattle and elephants. The heartwood is dark-reddish to almost black, very durable, hard and heavy. Due to its durability and availability within arid zones, it forms the most important source of poles, fuel wood, bark-rope etc. for subsistence use of local farmers in most northern parts of Namibia. According to Timberlake (1996) , it can survive well in non-arable areas where other tree species struggle.
Nevertheless, McGregor and O'Connor (2002) also report a dieback of C. mopane in South Africa because its water requirements could no longer be met during drought years on 'dysfunctional' sites. Such sites are described as patches with decreasing water availability due to changes in the soil-water budget, as well as increasing sodium concentration. By contrast, McGregor and O'Connor observed no such dieback on sandy and fine-textured soils. C. mopane is an important species widely used for afforestation programmes on degraded lands all over southern Africa and arid areas of India (Timberlake 1996; Singh et al. 1999; Mashabane et al., 2001; Singh 2003) .
Study site
Salambala, an area located in the eastern part of the Zambezi Region in north-eastern Namibia, was identified as study area with C. mopane as dominant species of the dry-deciduous forest vegetation. This part of Zambezi Region receives 650 to 700 mm of annual rainfall; the potential evaporation varies between 2600 to 2400 mm per year (Mendelsohn et al. 2002) . The rainy season usually starts in November and ends in April, with most intense amounts of precipitation occurring in February. The natural vegetation consists of forested savanna and woodlands. The mean temperature in the eastern Zambezi Region is recorded by Mendelsohn et al. (2002) as being about 22°C. The maximum temperature is noted as between 34°C and 36°C while the minimum temperature is between 2°C and 4°C. According to Geldenhuys (1977) , the highest temperature measured in Katima Mulilo (about 30 km north-west of Salambala) was 49.9°C. Geldenhuys also states that frost nights can occur once a year. At an average altitude of ca. 930 m a.s.l., the eastern Zambezi Region area is generally flat as it originates from a dried-up swamp-delta of the Zambezi, Kwando, Linyanti and Chobe rivers (Mendelsohn and Roberts 1998) . These rivers define the borders of eastern Zambezi Region to the east, south, west, and partly to the north (see Fig. 1 ). In general, the soil in the eastern Zambezi Region consists of fersiallitic soils in the north-western areas and alluvial soils in the east and south (wetlands, open grassland and swamps). A belt of solonetzic and planosolic soils is found between these two soil types. Table 1 characterises the soil conditions of the research sites within this belt in more detail.
The Salambala location is situated in the centre of the Salambala Conservancy. This conservancy was commenced in 1995, and since fenced and protected by communal guards. An overall goal of the conservancy is the protection of the Salambala Forest as core wildlife area for nature conservation purposes. Human population (17 families living on 930 km 2 ) was resettled during establishment (Salambala Conservancy management authorities, pers. com.). While the area is protected by the conservancy, the natural vegetation can be regarded as having no impact from people and livestock since 1995; signs of browsing, chopping or wood collection were not observed during data collection. According to local records, Salambala was neither exposed to fires nor to floods while under conservancy administration (Salambala Conservancy management authorities, pers. com.). The flora and fauna have been recorded in inventories and described by Mendelsohn and Roberts (1998) . Three different sites were identified within the area described by Mendelsohn and Roberts as 'MopaneAristida Woodland on Clay Loam'. The location of the sites 'Forest' , 'Shrubs' and 'Swamp' are illustrated in Fig. 2 . The names of the sites were chosen Table 2 . Table 2 describes the respective stand structures.
Data collection and analysis
For each site, an area of 2500 m 2 (50 m × 50 m) was demarcated. Within those areas, all trees with a minimum diameter at breast height (dbh) of 10 cm were recorded by their dimensions (dbh and height, h), positions and crown parameters. Six to nine trees on each site were randomly selected and assessed for their plant water potentials at pre-dawn and midday. Every leaf sample taken was repeated twice. The trees within the research sites were marked permanently so that the same individuals could be re-measured. Water potential of some sample trees was not recorded in all seasons due to their lack of leaves in the on-going dry season. The assessments were carried out under the following different seasonal conditions: The measurements of plant water potentials have gained wide-spread acceptance as useful tools for plantwater status assessments (i.e. Schmidt-Vogt 1980; Kramer and Boyer 1995; Gebrekirstos et al. 2006) and are used here to reflect site-vegetation relations. Plant water potential was measured by leaf samples using a pressure chamber (Scholander et al. 1965) , which is a method widely used (Sellin 1996; Mitlöhner 1998; Rodriguez et al. 2003; Krug 2004; Gebrehiwot et al. 2005; Gebrekirstos et al. 2006) . Extensive reviews on the pressure chamber measurements are available (e.g. Tyree and Hammel 1972; Ritchie and Hinckley 1975; Richter 1997 ). In line with Horton et al. (2001a Horton et al. ( , 2001b , Mitlöhner (1995 Mitlöhner ( , 1998 , Teskey and Hinckley (1986), and Hennessey and Dougherty (1984) , the predawn water potential is understood to reflect the soil water potential of the rhizosphere, which affects the assessed trees. The water potential assessed at midday describes the strongest negative water potential applied by the sample species to access soil water at the given measuring time. It is anticipated that leaf water potential is a species-specific parameter independent of age or size of sample trees as long as the development status and position of sample leaves are comparable: The leaf samples were taken from the same part of a branch and the same insertion height and exposure: The height of two to three metres at the western exposure of trees was chosen and only fully developed leaves of about the same age status were selected. The pressure chamber measurements were carried out in the field, at each tree as the leaf was picked.
The analysis of recorded data was carried out using QED and SPSS: After verifying the data's normal distribution and the homogeneity of variance, the means were evaluated with a one-way ANOVA test. Additionally, the Tukey test (Tukey's Honestly Significant Difference, LSD test) was carried out to distinguish significant mean differences between sites (Fowler et al. 1998 ). According to these procedures, all results presented are statistically significant at P < 0.05.
Results
The assessed stand structure (Table 2 ) describes noticeable differences between the three sites. While the site 'Forest' represents a typical C. mopane stand with a mean diameter of 29.5 cm at breast height (compare e.g. Sebego and Arnberg 2002) , the site 'Shrubs' is characterised by rather dispensed mopane shrubs (mean dbh 14.0 cm), compare Palgrave (2002) . The site 'Swamp' , on the other hand, is a mixed stand of dominating C. mopane and Philenoptera violacea (Klotzsch), Schrire (Fabaceae, Rain Tree). This stand is benefiting by improved water availability due to an open swamp at about 30 m distance, reflected by a greater basal area than both previous stands. The stand structures are mirrored by the soil analysis of the different sites (Table 1) . Especially the site 'Shrubs' is characterised by a clearly higher proportion of sand and -most notably -two considerably different soil layers within 150 cm depth. To visualize and evaluate the range of re-saturation within the different sites and to assess the seasonal impact on plant water availability, the values of midday and predawn water potential are used as the Yand X-axes, respectively, and a 45°bisecting line was plotted on a graph in Fig. 3 . Here again, the results for August 2001, the dry season, are indicating a fairly balanced situation: All records reflect a fair distance towards the 45°bisecting line. In June 2002, on the other hand, the indications are much closer to the 45°bisecting line, by that indicating a stronger tension within the plant-water supply as to be expected. Nevertheless, especially the site 'Shrubs' indicates the most remarkable re-saturation values.
Only the water potentials recorded in November 2002 (Table 3 and Fig. 3) do not indicate meaningful differences between sites and with regard to seasonal impacts. After some 119 mm rainfall since October 2002, the diurnal 
Discussion
The different seasonal conditions were expected to have a considerable impact on the soil-water status. Following Mitlöhner (1995 Mitlöhner ( , 1998 , the mean values of the predawn water potential are understood reflecting the soil water availability within the rhizosphere, while the mean values of the plant water potential at midday are picturing the internal availability of water in the plant in the actual, least favourable situation. In this insight, the predawn water potentials indicate the seasonal differences of the soil water status, and the midday water potential Maréchaux et al. (2015) describe the "leaf water potential at wilting or turgor loss point" as the most appropriate determinant for the tolerance of drought stress and refer to maximum values of 1.4-3.2 MPa in an Amazonian forest. Although stronger values are to be expected in a dry-deciduous forest in southern Africa, it is remarkable that leaf water potentials close to −5 MPa are recorded. Since sample trees within the site 'Forest' already dropped many of their leaves, an approximation to the wilting point can be assumed. Breshears et al. (2008) describe observations of tree die-off in response to global change-type drought by plant water potential measurements: A die-off was related to leaf water potentials remaining "substantially below their zero carbon assimilation point for at least 10 months prior to dying" (compare Sevanto et al. 2014) . No such long drought was observed at Salambala, but a very small diurnal range (like at 'Forest' in June 2002) suggests a (temporary) approximation towards assimilation constrictions.
The values of November 2002 reflect a very different situation since the new vegetation period started with the first rains in late October. Nevertheless, the pre-dawn water potential was still stronger for all sites at the beginning of the rainy season in 2002 than it was in the dry season in August 2001. This indicates that the low level of rain received in this season (119 mm since October) was not yet having a notable relief effect on the soil water availability. It was still being affected by the poor rainy season of 2001/ 2002 and indicates a pre-dawn water potential at 'Forest' of −2.66 (± 0.25) MPa. The midday water potential ('Forest') indicates a value of −3.46 (± 0.33) MPa, thus showing improved soil water availability when compared to the previous 5 months. These findings support Rodriguez et al. (2000) , who researched the relationship of the plant water potential to the soil water availability by measuring diurnal and seasonal plant water potentials in Mexico. Gonzales' findings on a "strongly associated" relation within dry periods are consistent with the results from Salambala.
The investigations at the sites 'Shrubs' and 'Swamp' show the same effects of the poor rainy season (June 2002) and a relaxation with the beginning of the new rainy season of November 2002. For the site 'Shrubs' , on the one hand, it is remarkable that the pre-dawn water potential is clearly stronger in August 2001 than at 'Forest' at the same time (Fig. 3) . On the other hand, the value at 'Shrubs' in June 2002 is lower than the value recorded at 'Forest' (pre-dawn water potential: −3.46 (± 0.49) MPa in June 2002, compared to −4.28 (± 0.36) MPa at 'Forest'). 'Shrubs' clearly experiences higher water stress under 'average' conditions, even though it seems to be better balanced under drought conditions. The sample trees did not build up such an extreme water potential under the stressful conditions of June 2002 as the site 'Forest'.
The higher stress under 'average' conditions is reflected in the poor growth of the trees on that site ( Table 2 ). The soil characteristics for 'Shrubs' indicate a more problematic site than 'Forest': A top layer of ca. 60 cm depth shows a high proportion of clay and silt (Table 1 ). The high sodium adsorption ratio (SAR) of this layer, in particular, highlights a tendency towards hyromorphic swelling and shrinking processes. According to Rhoades (1990) , these processes must be considered in soil layers which exceed a SAR value of 15 meq•L −1 . The SAR of this layer at 'Shrubs' shows almost double this value: 28.4 meq•L −1 . In contrast, the underground layer consists mainly of sand with a very poor sodium-adsorption ratio. According to Ganssen (1968) , such a solonetzic soil type can be formed by changing humid and dry conditions and the leaching of the underground layers. While the top layer forms an almost impenetrable infiltration barrier, it tends to be water logged in the rainy season and forms deep soil surface cracks in the dry season. Mensching (1990) points out however, that such an impenetrable layer can also have positive effects. As an evaporation barrier, it supports the storage of soil humidity in the deeper layers, which is thus saved for plants able to penetrate through the hard top layer. It may be assumed that C. mopane takes advantage of such a condition. This could explain the more moderate increase of the pre-dawn water potential at the site 'Shrubs' under the drought conditions in June 2002 compared to the site 'Forest'. The different soil type in the upper levels has presumably been penetrated to reach more favourable conditions of the deeper, sandy soil layer.
The site 'Swamp' is characterised by a more relaxed pre-dawn water potential already in August 2001 compared to the other sites. This is a noticeable indication of the impact by the nearby Swamp. Here the consequence of an enhanced water stress resulting from the poor rainy season obviously has very little effect. These results are supported by the figures in Table 2: The site 'Swamp' shows the biggest basal area per ha of all three sites, although while the mean diameter per ha is smaller than at 'Forest'. At 'Swamp' , the trees are of more or less the same diameter-group. These conclusions are supported by Mitlöhner (1998) who related stand structure parameter, i.e. diameter distribution as a proxy for dominance, to plant water potential. Comparing the stand structure described by plant morphological parameters in Table 2 with the plant physiological records in Table 3 , it becomes obvious that these records -and especially the diurnal ranges -are reflected by the structure of the stands.
To judge the differences of the three sites within the different seasons in more detail, Fig. 3 , while the pre-dawn water potential is still fairly low (below −2.00 MPa). This demonstrates that C. mopane is well suited to the site and its present conditions. It can still apply a significantly higher negative water potential than currently required. In the re-saturation phase at night, the trees build up only half the negative water potential than at midday. This situation changes in June 2002: The markers situated closer to the diagonal line indicate a more stressful situation and that the ability of C. mopane to obtain soil water is approaching the species-internal limit. The pre-dawn value (the status of re-saturation over night) and the midday value (the status of the actual highest water-deficiency) are closer together. Such a small difference between the soil water status and the species' least favourable situation indicate a fairly stressful condition. For November 2002, again the value group clearly indicates the more relaxed situation: The predawn water potentials which are lower than in June 2002 are also reflected by the lower midday water potential. The midday water potential being close to the diagonal line can be explained by the fact that the beginning of the rainy season lowers the midday plant water potential, but the situation is still less relaxed than in August 2001, since the pre-dawn water potential is still strong.
Comparing these findings with the illustration of the site 'Shrubs' (Fig. 3) , it is clear that the plant-available water resources are accessed with a higher tension, hence a stronger potential is built up. Most of the samples indicate a pre-dawn water potential between −2.0 and −4.0 MPa, independent of the season. This again indicates a constrictive but as well balancing impact in the soil, like the evaporation barrier described by Mensching (1990) The results for the site 'Swamp' follow the previous observations. The pre-dawn water potentials indicate obvious differences according to the more or less stressful seasons. The values however, which always show a clear distance from the diagonal line, reflect much more favourable water availability than at the other sites. In August 2001 it is clear that the pre-dawn water potential remains fairly constant (1.1± 0.03 MPa), despite the fact that the samples apply different high values of the midday water potential. This is an indication of a soil-water supply independent of evaporation processes and atmospheric saturation deficiencies. The results for June 2002, the 'drought' , still reflect an availability of soil water (no record exceeds the value of −5.0 MPa), but distinguish between sample trees with a more or less favourable water access among the group.
The results of the investigations in November 2002 reflect a different situation at all three sites. On the one hand, it can be assumed that the new rainy season causes a lower pre-dawn water potential, but on the other hand, it is doubtful that the precipitation recently received (119 mm since October 2002) is already affecting the rhizosphere. As the results from the different sites are quite similar and even (making a differentiation by site almost impossible) it must be rather assumed that these records reflect a species-specific process. Given that all sample trees are in a new growing season, it must be supposed that the new flush does not yet allow for a differentiation of sites.
Conclusion
Summarising these results, the seasonality and its impact on the different sites are clearly reflected by plant-internal water potentials of C. mopane. The impact of the different seasons on the pre-dawn plant water potential (indicating the actual soil water availability) was assessed independently of other parameters. The adaptation range of C. mopane is obviously reflected by its ability to cope with water stress situations by midday samples. A specific trait of C. mopane was observed by its ability to overcome a waterlogging soil layer and to penetrate into deeper soil layers. By this, the sample trees presumably gained some access to soil water which is not accessible otherwise.
The investigations indicate a range of plant-reaction and adaptation potential, which in turn could allow identifying further species potentially adapted to the specific site conditions, e.g. for reforestation plans: The methods applied enable a qualification of the investigated stand in concern of soil water availability affecting C. mopane. Following this, it can be recommended to evaluate, e.g., degraded sites in a same way, combined with an investigation of the species-specific adaptation potential of desired species for reforestation and thus improve site-species matching.
In this consideration, the evaluation of specific site conditions referring to the plant-effective water deficiency and the plant-internal, physiological ability of adaptation towards these, are recommended as keyparameters, for, e.g., afforestation and reforestation activities in arid lands, or as an approach for bio-monitoring of declining vegetation types in arid zones. It can be recommended to be used for site-species matching, for an identification of suitable species for a specific site under water stress conditions. The outstanding advantage of using plant-physiological characteristics as monitoring parameters is revealed as they reflect the plant-internal 'digestibility' of the evaluated conditions directly on the natural stand.
